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Abstract
The soft X-ray diagnostic system of Alcator C-Mod, equipped with 152 detectors
distributed in 4 arrays, has been used to obtain iso-emissivity surfaces. We character-
ize these surfaces by giving their elongation and relative shift from the center of the
tokamak as functions of plasma radius. Flux surfaces, provided by magnetic diagnos-
tics, have also been described with elongation and shift. Results from the comparison
of the two sets of geometric parameters obtained from magnetic and X-ray diagnostics
are presented. We find that, for all the discharges that we have analyzed, soft X-ray
contours do not coincide with magnetic surfaces.' A study of possible explanations
for the discrepancy found between elongations obtained from these two diagnostics
is described and discussed in this paper.
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1. Introduction
Accurate knowledge of the internal plasma shape and current distribution remains
a crucial issue under investigation in non-circular tokamak plasmas. Tomography
with soft X-ray data, based on different reconstruction algorithms, is being used in
many tokamaks to study the interior of the plasma [1-7]. Furthermore, it has been
proposed to use information on local X-ray emission obtained from tomography for
the study of plasma equilibrium parameters such as current density, safety factor,
internal inductance and 3, [8,9]. An underlying assumption in these studies is that
the magnetic flux surfaces are iso-emissivity surfaces, i.e. the parameters on which
X-ray emission depends (Te, n, and n2 ) are assumed to be constant on flux surfaces.
The idea of this method [8] is to obtain the shape of magnetic flux surfaces from X-ray
measurements and to characterize it using geometric parameters such as elongation,
shift, and triangularity. These parameters, in turn, would allow one to determine
the current distribution and the q-profile by solving the Grad-Shafranov equation.
X-ray tomography provides information about the interior of the plasma. Therefore,
it would be preferable to use it in combination with magnetics rather than just
magnetic diagnostics, which involve only edge measurements. Furthermore, edge
BP measurements are rather insensitive to the distribution of internal current (i.e.
J(r), q(r)). Therefore, reconstruction of J(r) and q(r) near the core is an ill-posed
mathematical problem.
Alcator C-Mod is equipped with 4 imaging arrays, comprising 38 detectors each,
used to obtain a tomographic reconstruction of the soft X-ray plasma emissivity
[8,10]. In this paper we present an analysis of the iso-emissivity contour shapes and
a comparison with predictions from magnetic diagnostics [11]. Section 2 describes
the tomographic system used to obtain iso-emissivity surfaces. A characterization of
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such surfaces through their geometric parameters (elongation and shift) for different
discharges and the comparison with magnetic flux contours is presented in section
3. We obtain agreement better than 2% between elongations from flux surfaces and
elongations from X-ray iso-emissivity surfaces over a range of approximately 2 cm
in plasma radius. This corresponds to a region of only approximately 10% of the
whole plasma (the radius of the last closed surfaces is a, ~ 22 cm). However, towards
the plasma edge and the plasma center, these elongations can differ by more than
10%. In section 4 we describe a series of tests of the X-ray diagnostic carried out to
investigate possible explanations for the observed discrepancy between magnetic and
X-ray iso-contours. We discuss the results and present some conclusions in section 5.
2. Detection system and tomographic reconstruction
The soft X-ray imaging diagnostic on Alcator C-Mod has been successfully oper-
ating in the tokamak since late 1992. For a detailed description of the detectors and
data analysis procedure see [12].
The detection system consists of 4 cameras, installed at the same toroidal position,
viewing the plasma from different poloidal directions (see Figure 1). Every camera
contains an array of 38 detectors looking at the plasma through an aperture of 1 mm x
3 mm (poloidal and toroidal directions, respectively). A tolerance of about 0.05 mm
for the alignment between aperture and detectors was achieved by using precision
machining techniques. The detectors are semiconductor PIN photodiodes, each with
a sensitive area of 4 mm x 0.94 mm. A 50-pm-thick beryllium foil, covering the
collimator of every array, allows the detection of photons with energy E., > 1 keV, so
that visible light and UV radiation are filtered out and only soft X-rays are admitted.
Due to the fan-like chord geometry of the 38 diode-channels of every array, each
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detector would see the plasma through a different beryllium foil thickness if the foil
were flat. To avoid the resulting difference in the X-ray beam attenuation between
detectors at the edges of the arrays and the ones near the center, the Be-foil holders
are specially designed to have a semi-circular shape, resulting in each chord being
perpendicular to the foil. A careful calibration of the detectors was performed with
an X-ray tube to account for the small differences in their intrinsic efficiencies. This
calibration uncertainty was found to be ±0.5% within each array and ±1% between
arrays.
Once the detector signals have been converted into the appropriate brightnesses, a
tomographic inversion has to be applied to obtain local values of plasma emissivities.
One can use different mathematical techniques to invert the line-of-sight integrated
data. A good survey of them can be found in [13]. The analytical method used in
Alcator C-Mod is based on radial and harmonic expansions of the brightness function
f(p, 0) and the unknown emissivity function g(r, 0):
f(p, 0) = g(r, 0) dL (1)
mmax
g(r,0) = [gm(r) cos(mO) + g,(r) sin(mO)] (2)
M=O
where gmc (r) = El aj Rml(r)
= max m~ax 2[(n +'x+
f (P, ) = E E sin [(m + 21 + 1) cos-t(p) x a'n cos(mo) +
m=O 1-0 m + 21 + 1+2
m + 2'm+x1 sin (m + 21 + 1) cos-1 (p) x a ' sin(m ) (3)
m=0 1-0 m +21 + 1si
where g(r, 0) is the emissivity at a given plasma location in polar coordinates, Rml(r)
are Zernicke polynomials and f(p, 4) is the measured brightness that results from
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integrating emissivities along the line-of-sight, L, defined by the (p, q) coordinates
(see Figure 2). The expansion coefficients, ac;s, are obtained from 2-D least squares
fits of Equation 3 to the experimental data. Subscripts m and 1 refer to the harmonic
and radial terms of the expansion and superscripts s and c denote the sine and co-
sine components respectively. The maximum harmonic and radial coefficients (mcM.
and lma.) depend, according to the Nyquist theorem, on the number of arrays and
detectors per array used for the reconstruction. In Alcator C-Mod, their maximum
values are: ls = 18, m'ax = 4 and m, = 3. These coefficient values, along with
the aperture size and the experimental errors introduced by signal noise, correspond
to a spatial resolution of 2.6 cm and a maximum angular resolution of m=4 for the
cosine and m=3 for the sine components.
Once the expansion coefficients of Equation 3 have been obtained from the best fit
to the measured brightness function, the emissivity function can be calculated from
Equation 2. An example of measured and fitted brightnesses from the 152 X-ray
chords available in Alcator C-Mod is shown in Figure 3. The emissivities obtained
with the inversion procedure explained above are presented in Figure 4.
3. Iso-emissivity surfaces from soft X-rays. Comparison with magnetic
diagnostics
Alcator C-Mod is equipped with an extensive set of magnetic diagnostics, placed
at many locations around the vacuum vessel, that provide measurements of toroidal
and poloidal magnetic fields and fluxes at the plasma edge [14]. All the coils have
been absolutely calibrated to ± 0.5%. The equilibrium fitting code EFIT [15] is
then used to estimate magnetic flux surfaces (I surfaces) over the poloidal plasma
cross section. EFIT uses an iterative fitting process to solve the equilibrium Grad-
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Shafranov equation. In this equation, P' and FF' (where P is the plasma pressure
and F is the poloidal current) are parametrized as polynomials of T, with linear
coefficients that are determined from external magnetic measurements and imposed
constraints. The value of q, is an input parameter that can be supplied to EFIT to
constrain the equilibrium reconstructions. A range of q' from 0.8 to 1.0 results in
equally acceptable values of X' from EFIT. From this possible variation in q, we have
estimated the uncertainty in the determination of elongations from flux surfaces to
be of order 4%. As an example, the EFIT equilibrium of shot number 940615015 at
t= 0.74 sec is shown in Figure 5.
The central region of the plasma is surveyed with the soft X-ray diagnostic de-
scribed in the previous section. The contours obtained from iso-emissivity surfaces,
for the same shot represented in Figure 5, are shown in Figure 6. We can already see
a substantial difference between the shapes of T-contours and those obtained from X
rays. The contouring of X-ray emissivities has been done for a particular region of the
plasma, from approximately 6 cm to 13 cm from the center, where nearly elliptical
surfaces are obtained. Outside r=13 cm, the emission is too weak to obtain accurate
emissivity values and inside r=6 cm the emission profile is too flat to yield smoothly
shaped contours.
We have characterized the iso-contours by giving their elongation, Shafranov shift
(R-shift) and vertical shift as functions of the dimensionless parameter x; x is defined
as the minor radius of each surface normalized to the radius of the last closed surface.
We have used two different methods to obtain these parameters: one is based on
fitting ellipses to the contours, the.other circumscribes a rectangle to each contour.
The disagreement between both methods is less than 1.7% for the elongation and less
than 3 mm for the Shafranov and vertical shifts. Error bars for calculated elongations
and shifts were obtained by numerically adding ±1% random errors to the detector
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signals and inverting the data to obtain elongation and shifts. This simulation process
was repeated 80 times to obtain the variances of those geometric parameters from the
different reconstructions. Errors of ±1% are directly related to detector calibration
uncertainties. Photon statistics and electronic noise have a negligible contribution to
the signal noise. By comparing a plot of elongation versus radius from tomography
and magnetics (Figure 7a), we notice that agreement better than 2% is obtained only
over a narrow range of about 2 cm in minor radius, which corresponds to 0.4< x <0.5.
An agreement better than 2% is desirable if we consider that, according to reference
[8], a 2% accuracy in the axial elongation is required to obtain q. within 10%.
A similar trend for elongation and shift functions from X-ray contours was ob-
served in all shots analyzed: elongation increases towards the center and the edge of
the plasma while good agreement between shifts from X-rays and magnetics is always
obtained (Figures 7b and 7c). With the aim of investigating the discrepancies found
between X-ray and magnetic diagnostics we carried out a detailed study of possible
factors that could affect the accuracy of the X-ray measurements and reconstructions.
Results of this study are presented in the next section.
4. Simulations and tests
The set of tests carried out to explore some possible explanations for the dis-
crepancy between magnetics and X-ray results can be divided into two groups, one
concerning the tomographic reconstruction technique and the other related with the
X-ray detection system itself.
First, we investigated the possibility of errors introduced by the tomographic re-
construction technique. We performed a series of simulations to calculate the expected
signals at the X-ray detectors from a known test-emission function proportional to
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'P, with 1 p 55. We applied the tomographic reconstruction to these calculated
signals to obtain the new simulated emissivities. The results indicated an agreement
in elongation and shifts between flux surfaces and all the simulations better than
2% over the range of 0.2< x <0.8. An example of such a comparison is shown in
Figure 8. Error bars for calculated elongations and shifts were obtained by the same
method used in Figure 7.
Another test of the reconstruction method was based on varying the expansion
parameters used in Equations 2 and 3. Although, for the number of arrays and
detectors available, we can extend the radial expansion up to 1=18 terms and we are
able to distinguish m=4 and m=3 cosine and sine harmonics respectively, additional
reconstructions were also made with different values of those parameters. As we
expected, elongation and shift changed when different values of maximum radial and
harmonic coefficients were used in the reconstructions, but a similar behaviour of
these geometric functions of x was still observed.
To finish with the first group of tests, we analyzed the flux surfaces in terms
of their harmonic components. As usual, the magnetic flux values in the plasma
were obtained from the EFIT code. The problem was addressed by representing the
magnetic flux as a function of plasma radius and analyzing the fourier components
of this function. We did not see significant contributions from harmonics higher than
m=3 at any plasma radius. This way we could conclude that, if T-surfaces had
constant X-ray emissivity, the contribution from harmonics higher than what X rays
can see without aliasing was negligible.
The second group of tests includes the study of several aspects directly related
with the diagnostic system.
First of all, is the C-Mod detector system able to easily resolve a difference in
elongation of order 10%, which is the observed discrepancy between elongations ob-
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tained from magnetic and X-ray diagnostics? To verify this, we simulated two X-ray
plasma emissions from two different EFIT equilibrium reconstructions of the flux
surfaces, differing in their elongations by <; 4%. These equilibria were obtained by
forcing EFIT to use values of q. varying from 0.8 to 1.0. We calculated the detector
signals from the simulated X-ray emissivities and concluded that for the elongations
to change by 4%, the signals would have to change by at least 5% for the central
detectors and even more for detectors looking at regions outside the center of the
plasma.
A check of the detector positions was made by measuring the tilt-angles of the 4
arrays with two different methods. One used the values obtained from mechanical
measurements, which were made with a millimeter ruler referenced to accurately
known positions on the inboard wall with a ±0.5 mm uncertainty. The second method
was based on an optical setup in which the angle of every array was calculated by
relating the position of a lamp inside the tokamak with the coordinates of the detector
receiving the maximum power. The agreement between the values of angles obtained
from both procedures of measurement was better than 0.4%. This implies a negligible
change in elongation and shifts when using the set of angles obtained from mechanical
or optical measurements.
A survey of the detectors response was also made. We considered the effects of a
0.5 pm p+-Si layer preceding the intrinsic region of every diode and a 0.1 pm SiO 2
layer covering the detector. The latter works as a diffusion mask that defines the
shape of the detector active area and also forms a stable passivated junction. In our
particular case of flat X-ray arrays, these layers act as filters of different thickness
depending on the detector angular view, therefore presenting different path lengths to
the incident X-rays. This could affect the relative calibration among the 38 detectors
of each array. This effect of variation in beam attenuation with detector position
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was explained in section 2 when we mentioned the special shape of the beryllium
foil holders. For the X-ray energy range of interest in Alcator C-Mod, we found this
effect to be negligible on the shape of the reconstructed iso-emissivity contours.
Finally, the possibility of a degradation in detector efficiency due to long-term
exposure to plasma radiation that would affect the central detectors of an array more
than the peripheral ones, suggested the following test. We analyzed discharges of
similar characteristics from run campaigns between 1993 and 1995. The parameter
chosen to compare the detectors response at different discharges was the width of a
gaussian fitted to the 38 detector signals of every array; this means one gaussian per
array. A variation in this width could have been the explanation for a systematic
error in the experimental data, resulting in wrong values of the calculated elongations.
No significant change in the widths of these gaussians was observed among similar
discharges. Therefore, a systematic variation in efficiency affecting mostly the central
detectors of the arrays seems unlikely as an explanation for the discrepancy between
magnetics and X-ray iso-contours.
Discussion and Conclusions
The soft-X-ray imaging system of Alcator C-Mod has been used to characterize
X-ray iso-emissivity surfaces by giving two geometric parameters versus radius: elon-
gation and shift. Flux surfaces, provided by magnetic diagnostics, have been similarly
characterized by their elongation and shift as functions of plasma radius.
Data from several discharges at different times have been analyzed for the compar-
ison of X-ray iso-emissivity surfaces with magnetic flux surfaces. The discrepancies
between results from the two diagnostics are of order 10% and always indicate an
increase in the elongation of X-ray surfaces towards the center and the edge of the
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plasma. Agreement as good as 2% occurs only in a narrow region of about 2 cm
located around r/a ~ 0.5. The reliability of the X-ray diagnostic system has been
checked with several simulations and tests. In particular, its capability to resolve
variations in elongation better than 4% has been proved. The comparison of results
from different tomographic methods remains, though, as part of our future work. At
present, a code based on finite elements techniques is being considered for such a
comparison.
The differences in the shapes of magnetic flux surfaces and iso-emissivity surfaces
point to the fact that the X-ray emissivity is not generally constant on a flux surface.
Since X-ray emission is a function of Te, ne and n,, one possible interpretation is that
this result arises from asymmetries in impurity concentration. Recent observations
of up-down asymmetries in H-like Ar+17 emission on Alcator C-Mod corroborate this
speculation [16]. Clearly, more work is needed in this area.
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Figure captions
Fig. 1. Poloidal view of the 4 arrays used in Alcator C-Mod for the soft X-ray
tomographic inversion of plasma emissivities. Each array has 38 photodiode detectors
that cover the whole plasma with a total of 152 line integrated views.
Fig.2. Coordinate systems used to describe local emissivities (r, 0) and integrated
brightnesses (p, 0) along the line-of-sight L(p, q).
Fig. 3. Line integrated brightness versus detector number for shot 940615015 at
t= 0.74 sec. Experimental data is represented by cross marks. The solid lines are fits
of the 2-D series expansion described in section 2.
Fig. 4. Reconstructed soft X-ray emissivities for shot number 940615015 at t=
0.74 sec.
Fig. 5. Contour plot of flux surfaces obtained by the EFIT equilibrium code from
magnetic measurements of shot 940615015 at t= 0.74 sec.
Fig. 6. Soft X-ray iso-emissivity contours in solid lines are plotted over magnetic
flux contours in dotted lines for the same discharge and time of Figure 5.
Fig 7. Geometric parameters used to describe contours of Figure 5 versus nor-
malized plasma radius: a) Elongation; b) Shafranov shift; c) Z-shift. Lines with error
bars correspond to X-ray data and lines with points represent magnetics results.
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Fig. 8. Geometric parameters used to describe iso-contours versus normalized
plasma radius: a) Elongation; b) Shafranov shift; c) Z-shift. Lines with error bars cor-
respond to simulated emissivities, where the function T"5 (proportional to magnetic
flux surfaces) has been used to generate X-ray signals. Lines with points represent
magnetics results from shot 940615015 at t=0.74 sec.
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